The present work reports a photoelectron spectroscopy study of the low-energy region of the valence band of metal-free phthalocyanine (H 2 Pc) compared with those of iron phthalocyanine 
I. Introduction
Phthalocyanines (Pc's) are a class of organic compounds widely studied due to the possibility to deposit them in supramolecular architectures suitable for a variety of technological applications. To acquire the ability to design materials with predetermined properties by choosing proper molecular precursors requires understanding of the characteristics of the molecules used as building blocks and how they are modified when deposited in films, as has been well pointed out by Claessens et al. 1 and de la Torre et al. 2 in their review articles.
In this work we present a theoretical and experimental valence band (VB)
photoelectron spectroscopy (PES) study of the electronic structure of metal-free phthalocyanine (H 2 Pc), iron phthalocyanine (FePc) and manganese phthalocyanine (MnPc) in multilayer films as well as in the gas phase. We concentrate on the comparison of the occupied valence density of states of these three phthalocyanines and we relate the observed differences to the different metal atom in the molecular central ring. By selecting proper photon energies in the experiment, we can exploit the photoionization cross sections for the photoemission of electrons from different atomic orbitals. In this way, we can disentangle in the experimental spectra the contributions given by the metallic 3d electrons from the contributions coming from the organic rings.
Our focus is on the very outermost part of the valence band which determines the electric and magnetic properties of functional materials. Although widely studied, the electronic structure, and in particular the localization of the metallic orbitals in the VB of 3d metal Pcs is still under debate since both experimental and theoretical investigations have provided ambiguous outcomes so far, see for example Refs. 3-13. This is a crucial issue for electronic devices, since the character of the outermost molecular orbitals plays a key role in transport related phenomena 14 : for example a localized 3d metallic HOMO or a less localized molecular orbital distributed over the whole molecule would in principle be expected to behave differently [14] [15] [16] . In our previous works on FePc 9 As shown by Grobosch et al. 6, 7 , the electronic structure of MnPc differs from the one of other metal Pcs because the HOMO peak in its valence band spectrum is of metallic character. Moreover the 3d electronic states contributing to this VB feature are not highly localized but hybridize with the orbitals of the organic rings, giving to this molecule potentially different electronic transport properties 6, 7 .
In general, as we have recently reported 11 The experimental details in acquiring the gas-phase data of FePc and MnPc are presented in details in the study by Brena et al. 9 and Brumboiu et al. 11 . The photoelectron spectroscopy (PES) measurements have been performed at the Gas Phase beamline 20 at the Elettra synchrotron, in Trieste, Italy. The valence spectra of gas phase MnPc were taken using a VG 150 mm hemispherical electron energy analyzer, equipped with six channel electron multipliers mounted at the magic angle (54.7
• ) with respect to the E vector of the linearly polarized incident light 21 . Valence data of gas phase H 2 Pc and FePc presented in this work were instead measured with a SES-200 electron analyzer 22 also mounted at the magic angle. The molecular samples were evaporated using a custom built resistively heated furnace. The gas phase PE spectra were checked during heating procedure, comparing them to spectra for thick layers obtained by Kraus et al. 8, 23 for MnPc, while for FePc they were compared to He I spectrum obtained by Berkowitz 24 . Calibration of the energy scale was done introducing
He (vertical ionization energy, VIE=24.59 eV) into the ionization chamber and by traces of vaporized water(H 2 O, VIE=12.26 eV) 25 found in the system. The photon energies used for valence band measurements were 110 eV for H 2 Pc and FePc spectra and 100 eV for MnPc valence band spectrum, all with spectral resolution of about 200 meV.
III. Computational methods
The geometry of H 2 Pc and of the two transition metal Pcs was optimized by means of density functional theory (DFT) using the Gaussian 09 version D.01 quantum chemistry software 26 . The functional used was HSE06 [27] [28] [29] [30] [31] [32] [33] in combination with the 6-31G(dp) basis set 34 for the C, N and H atoms and the cc-pVTZ basis set 35 for Mn and Fe.
We have chosen the range-separated hybrid functional HSE06 [27] [28] [29] [30] [31] [32] [33] , which has been shown to improve the description of magnetic molecular systems in general 36 .
Moreover, this functional was able to provide a good agreement with experimental valence band data in the case of MnPc, especially for occupied states at high binding energies 37 .
A D 2h initial geometry was used for H 2 Pc, while for MnPc and FePc the starting point geometry was D 4h . Both transition metal phtalocyanines relaxed to a D 2h point group. The optimized geometry was used to determine the electronic structure alongside the contribution of each particular type of atomic orbital (AO) to the valence band molecular orbitals. Similarly to previous studies 9, 11 , the population analysis was performed using the c 2 method 38, 39 . The c 2 coefficients were used to obtain the total and partial densities of states (DOS). The bar graphs, corresponding to the discrete molecular energy levels, were broadened using Gaussian functions with a constant full 
IV. Results and discussion
Density functional theory (DFT) calculations of total and partial DOS of a single the HOMO and is located at 1.5 eV binding energy (BE). In a previous theoretical study of a thick film of H 2 Pc on conductive glass 45 , it was found that the HOMO peak has a π character, a a u symmetry and is formed by C 2p orbitals. From the present theoretical analysis of the partial DOS, we furthermore find that the most pronounced peak B, located at 3.9 eV BE, is due to contributions of p-type orbitals of both carbon and nitrogen atoms and a small contribution of s-type orbitals of nitrogen atoms. Peak C is a low-intensity peak mainly formed by contributions of both s-and p-type orbitals of N atoms together with a small contribution of C 2p orbitals. Peak D is mainly MnPc, are at the same BE (6.4 eV). This result is also confirmed by our theoretical calculations (Figure 4) showing that the C 2p-derived peak in the outermost valence is expected at the same BE for all three phthalocyanines. This result could be considered anticipated as shown in previous work by Grobosch et al. 6 , where the authors stated In Figure 3 we directly compare the valence band PE spectra of H2 Pc, MnPc and 
